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ABSTRACT

Using several griseofulvin samples, representing different solid-state structures, the

solubility behavior of drugs in both one-state (totally ordered, semiordered or disor-

dered) and two-state systems was studied. Special attention was directed towards the

surface structure of the particles. The partially crystalline samples were obtained by

milling the raw material (crystalline standard) or storing the quenched sample (amor-

phous standard). The solid-state structure of the materials was studied using x-ray

diffraction (XRD), differential scanning calorimetry (DSC), isothermal microcalorime-

try (IMC), and scanning electron microscopy (SEM). The saturation concentration of

the materials was studied in suspensions containing different dispersion concentrations

of drug after centrifugation and filtration, using spectrophotometry. In all cases these

dispersion concentrations exceeded the solubility of the drug. The solubilities were

plotted vs. dispersion concentrations for each sample. Several solubility plateaus were

found. The lowest and highest solubility plateaus corresponded to the solubilities of

crystalline and amorphous standards. These plateaus were reached at 8 and 44 mg/mL

for crystalline and amorphous griseofulvin standards, respectively. An intermediate

plateau served as an indication of the existence of a totally semiordered structure. This

was reached at 19 mg/mL for griseofulvin. Any deviation from these plateaus was

suggested to be indicative of the existence of heterogeneity on the surface structure,

which in most cases could be described as a two state system. In such cases, the

apparent solubility was a function of dispersion concentration, until at very high

dispersion concentrations (4000–20,000mg/mL) the saturation concentration of the

totally disordered (44mg/mL) or semiordered (19 mg/mL) one-state phase was reached.

No reduction in these values was observed during storage for 50 days. It is thus

concluded that, in partially crystalline systems, the saturation concentration is an

interfacial phenomenon, which depends on the amount, reactivity, and solid-state

structure of the exposed solid surfaces in equilibrium with the solution. A simplified

solubility model is proposed to qualitatively describe the relationship between
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established apparent solubilities (saturation concentrations) and different combina-

tions of solid-state structures.

Key Words: Solid-state structure; Partially crystalline; Semiordered; Mechanical

activation; Quenching; Apparent solubility; Dispersion concentration; Plateau value;

Metastable.

INTRODUCTION

Solid-state disorder (amorphous character) may
be induced in a solid by altering the crystallization
conditions or subjecting the solid to mechanical
forces. In many cases, it has been reported that the
resulting solid particles are partially crystalline
(partially amorphous). For instance, it has frequently
been reported that solid forms, which differ in the
degree of disorder, have been obtained after spray
drying,[1–3] freeze drying,[4] and quenching.[5]

Further, it is well-known that mechanical treat-
ment of a crystal (such as milling) often leads to
surface activation, lattice disorder, and formation of
partially amorphous solids.[6–7] Shalaev et al.[8]

reported that in addition to creating an amorphous
phase with greatly enhanced disorder, processing
could increase the extent of disorder in the remaining
crystal lattice. Furthermore, they claimed that such
processes produce different extents and types of dis-
order, e.g., different concentrations of points, linear
defects (dislocations), and planar defects.

Conversely, during processing[9] or storage[10,11]

of an amorphous material, the amorphous state
may be converted back to the crystalline state. The
latter effect is related to the higher reactivity[8] of the
amorphous region compared to crystalline materials.
This high reactivity increases the tendency for
amorphous material to react with environmental
moisture,[12] to degrade,[13] or to take part in solid-
state reactions[14] during storage. Numerous reports
have thus concluded that solids can exist in rather
complex structures, far from an ideal crystalline
state, but also far from a totally amorphous, disor-
dered structure. The term ‘‘partially crystalline sys-
tems’’ is often used to collectively denominate such
complex structures.

Partially crystalline systems have been described
using either one-state or two-state models.[11]

According to the two-state model, solids are either
crystalline or amorphous, or a mixture of the two.
The expression degree of disorder will then refer to
the fraction of amorphous material in the mixture.[15]

An alternative concept is that the degree of disorder
has a value between 0% (perfect crystal) and 100%

(amorphous) depending on the ratio of disorder/
order in the lattice.[16] This is called the one-state
model. According to Hancock and Zografi,[11] the
solid-state structure of a partially crystalline system
in the one-state model ‘‘consists of domains which are
truly partially crystalline and in which the molecules
have formed a semi ordered structure as a result of
being restricted in their motion during crystallization,
or following the disruption of a more perfect crystal-
line state.’’

Similarly, other authors have interpreted the
variations in solid-state structure, and the related
physicochemical properties obtained after spray
drying, to the existence of different amorphous struc-
tures[3] or the creation of different amorphous spray-
dried products when the drug is complexed with
different amounts of polyvinyl pyrrolidone (PVP).[1]

These workers have reported an accompanying
change in the glass transition temperature (Tg).
Additionally, the existence of multiple metastable
glasses below Tg, and even polyamorphic glasses,
has been presumed.[11] These reports indicate that
just as there are different polymorphs for a crystalline
structure, there are also different forms of disorder-
ed/semiordered structures of a material that vary
in the degree of disorder and in physico-chemical
properties such as solubility.

To summarize some of the potential activation-
deactivation processes and phase transitions from
crystalline to amorphous structure (and vice versa)
through formation of partially crystalline intermedi-
ates, Fig. 1 is used as a simplified illustration. In this
model both one-state and two-state systems are
considered and utilized.

The existence of partially crystalline structures is
of special importance at solid interfaces. Since appar-
ent solubility and initial dissolution rate are both
related to the interfacial properties of the drug parti-
cles, it is of major importance to study the effect of
surface structure on these parameters. Improvement
in the solubility of drugs after spray drying,[17] freeze
drying,[4] the preparation of solid dispersions,[18]

milling,[19–21] and dry mixing[22] have been reported
to be related to a change in the solid-state structure of
the material, usually from a more ordered to a less
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ordered structure. It is also generally accepted
that the surface of milled particles becomes increas-
ingly more energetic as indicated by a higher
surface energy[23–25] and a larger electron-donating
capacity.[25]

From the above discussion it can be concluded
that if a solid particle consists of structural compo-
sites of varying molecular order, then the solid
surface of the particle could be in four main states:
1) the surface could be homogeneously, completely
ordered, 2) the surface could be homogeneously,
completely disordered, 3) the surface could be homo-
geneously disordered, but not completely (i.e., semi-
ordered, with a partially ordered molecular
orientation), 4) the surface could be a heterogeneous
mixture of more ordered and less ordered phases. It
should be noted that in the latter case, the energy
state of the disordered parts may also vary. Cases 1,
2, and 3 are based on the one-state model and case 4
is based on the two-state model.

Before discussing the apparent solubility of
partially crystalline systems, it is important to define
the terms ‘‘saturation concentration,’’ ‘‘solubility,’’
and ‘‘apparent solubility.’’

When an excess amount of solid is inserted into
solvent, under defined temperature and after suffi-
cient stirring time, equilibrium is established between
the solid surface and the surrounding solvent. Under
such circumstances, the solvent is saturated with
solute and the concentration of solute is called the
saturation concentration. In the literature the term
‘‘saturation concentration’’ (Cs) is often exchange-
able with ‘‘solubility.’’ However it should be pointed
out that the latter refers to equilibrium between the
solid and solvent, when the solid is in its most ther-
modynamically favored form (i.e., crystalline). It is
also known that in a metastable or supersaturated
solution, the amount of dissolved solute may be initi-
ally high and then reduced to the thermodynamically
stable value over time. The time it takes for such
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Figure 1. Activation and deactivation processes and the phase transition from a totally ordered structure (A) to a totally

disordered structure (H) and vice versa. In this figure, polymorphic conversions that might occur between A and C are not

illustrated. Symbols: g, ordered; z, semiordered; and /|\, disordered. (A) Totally ordered structure; (B) Totally ordered with

minor amounts of impurities or defects; (C) Semiordered surface, ordered core; (D) Disordered surface, ordered core; (E)

Totally semiordered structure; (F) Semiordered structure with a more disordered character (assuming one-state model); (G)

Semiordered structure with a much more disordered character (assuming one-state model); (H) Totally disordered structure;

(I) Semiordered surface, disordered core; (J) Ordered surface, disordered core; (K) Solid in which the totally ordered and

totally disordered parts coexist (a two-component state, i.e., the structure is not semiordered).
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a reduction in concentration depends on several
factors and could vary between seconds to months.
Since most of the reports in this field deal with those
cases where the systems are very unstable, the impor-
tance of such relative equilibrium conditions has not
been emphasized. In the present study, since the
obtained saturation concentrations are much greater
than the thermodynamically stable values reported in
the literature as solubility, and also are quite stable
over a period of time (months), the term ‘‘apparent
solubility’’ is applied. The term ‘‘apparent solubility’’
is thus used throughout this article for the metastable
or dynamic solubility of the materials rather than the
solubility, which refers to a thermodynamically stable
state.

It has been reported[20,21] that if the particle
surface is disordered to some degree, the apparent
solubility will be a function of the amount of drug
dispersed in the medium. In such cases, the dispersion
concentration will determine the amount of disor-
dered surface area present in the medium, emphasiz-
ing the critical role of available disordered surface
area for dissolution. Under such circumstances, the
saturation concentration is increased as the amount
of drug added is increased, until finally at higher
additions it reaches a plateau. In an attempt to elu-
cidate this matter, a schematic model was proposed
by Mosharraf, Sebhatu, and Nyström.[21] It was
assumed that in a plot of apparent solubility vs. the
dispersion concentration of the solid drug, there are
several possible plateau levels for every substance.
The level of the plateau is determined by the solid-
state structure of the material. In the model, the
lowest plateau level would correspond to the solubi-
lity of the purely crystalline form and the highest
plateau level would correspond to the solubility of
the totally disordered form. The solubility plateau
of particles with a partially crystalline surface
would be intermediate. The following outcomes
were suggested on the basis of this model: 1) The
solubility of totally ordered and totally disordered
solids is in principle independent of the dispersion
concentration of the solid in suspension, and two
distinguishable saturation levels will be established;
2) If the particle surface is disordered as a continuous
layer, and the concentration of the drug in the solvent
is high enough, the solubility plateau will be deter-
mined solely by the disordered phase and will
approach that seen for a totally amorphous drug
structure; 3) If the particle surface is partly crystalline
and partly amorphous (assuming a two-state model),
some areas of crystalline structure will be exposed
even if high amounts of drug are added, and the

solubility plateau will be intermediate between those
of the purely crystalline and the purely amorphous
states. The solution will be simultaneously in equilib-
rium with the crystalline and disordered surfaces.
Thus the net equilibrium between the medium and
these surfaces will determine the solubility of the drug.

The duration of the period of increased (meta-
stable) solubility is generally thought to be controlled
by the rate of nucleation and, thus, the rate of growth
of the more stable phase.[26] Many researchers have
based their data analysis on the assumption that the
processes of dissolution of the metastable form and
crystallization of the stable form are both diffusion
controlled. The surface area available for growth and
the stirring rate of the system would then be rate-
determining factors for the transformation process
to the stable, crystalline form. For example, accord-
ing to Cardew and Davey,[27] the time required for
disappearance of the metastable phase is the sum of
dissolution and growth time scales. The plateau
supersaturation will then be the point at which dis-
solution and growth are balanced. Its value is deter-
mined by the relative surface areas of the phases and
their kinetic constants. Rodriguez-Hornedo,
Lechuga-Ballesteros, and Wu,[28] however, suggested
that polymorphic phase transformations are depen-
dent on supersaturation of the solvent and are inde-
pendent of the stirring rate. They discuss the
mechanisms behind the phase-transition process,
i.e., transformation in the solid state. The results
recently reported by Elamin et al.,[20] on the transfor-
mation of disordered griseofulvin to the crystalline
form support the latter; i.e., transformation in the
solid state.

In this study (20) and other studies (21) it has
been shown that the apparent solubility of calcium
carbonate and griseofulvin has been stable in both
stirred and unstirred systems up to several days,
suggesting that the recrystallization rate of these
materials is controlled by a surface solid-state
transformation mechanism.

AIM

The aim of this study was to continue the inves-
tigation of the solubility of partially crystalline sys-
tems, and especially to study (using knowledge of the
amorphous content of the test materials) the validity
of the solubility model described by Mosharraf,
Sebhatu, and Nyström[21] and the possibility of
using this model for detection of minor amounts of
surface disorder in the solid-state structure of drugs.
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MATERIALS

Three forms of the test drug, griseofulvin, were
used: crystalline, partially crystalline, and amor-
phous. These were studied as seven samples, which
are described in Table 1.

The dissolution medium consisted of ultra pure
particle-free water (Milli Q UF Plus, Sundbyberg,
Sweden) containing 0.9% NaCl and 0.01% Tween 80.

METHODS

Sample Preparation

The raw material (griseofulvin microsized crys-
tals, Glaxo, Greenford, Middlesex, England) was
used to represent a totally crystalline sample as dis-
cussed below.

The raw material was milled in a mortar grinder
(mortar grinder, type KMI, Retsh GmBH, Haan,
Germany) for 1.3min (RM1) and 3.4min (RM2), in
order to create an activated (possibly amorphous)
surface on the crystalline particles.

The disordered samples were prepared by
quenching the raw material. Two batches of
quenched griseofulvin were prepared (Q1 and Q2).
In both cases the raw material was melted in alumin-
ium foil over heat. The melt was then immediately
immersed into liquid nitrogen for rapid cooling and
solidification (quenching). The quenching procedure
was the same in both cases except that in the case of
Q1, the griseofulvin was heated for a longer period of
time (approximately one min more) and the melt was
solidified faster than with Q2.

In order to deactivate the disordered surface
of quenched griseofulvin (Q1) by recrystallization
due to moisture uptake, the sample was stored
under ambient conditions (22�C� 1 and 40% RH)
for 9 months. This sample was then called Q1S.

The Q1S sample was mechanically disintegrated
(milled) with a mortar and a pestle for about 1min to
increase the amount of exposed amorphous surface
area. This sample was called Q1Smilled.

Physical Mixtures of Crystalline and

Amorphous Materials

In an attempt to investigate the apparent solubil-
ity of drugs in two-state systems, different propor-
tions of amorphous (Q1S) and crystalline (raw
material) griseofulvin were weighed in volumetric
flasks. The total dispersion concentration was con-
stant at approximately 4000mg/L in all flasks. The
ratios of griseofulvin crystals to Q1S particles were
100:0, 98:2, 50:50, 2:98, and 0:100% w/w. Since the
degree of disorder in Q1S was assessed as 83% (see
results below), the final proportions of disorder in the
respective systems were calculated to be 0% (solely
griseofulvin crystals), 5%, 43%, 79%, and 83%
(solely Q1S particles) w/w. The apparent solubility
of griseofulvin was then tested in each case after
3 hours and 24 hours of stirring. Each value is the
mean of at least two experiments.

Particle Size and Shape

In order to estimate the particle size, shape, and
surface texture, the samples were scanned in a JEOL
JSM-T330 scanning electron microscope, using an
acceleration voltage of 15 kV. In addition, the geo-
metric mean particle diameter by weight (n¼ 2) of
Q1Smilled was determined by laser diffraction analysis
(LS 230, Coulter, VWR International, Stockholm,
Sweden) and compared with that of the crystalline
material. The mean particle size data of the griseoful-
vin crystals were obtained from an earlier study using
this batch.[29]

Table 1. Material description.

Material Description Color

R Raw material (griseofulvin microsized crystals, Glaxo, UK) White

RM1 Raw material after 1.3min milling White

RM2 Raw material after 3.4min milling White

Q1 Quenched griseofulvin 1 (longer heating time, faster solidification) Glassy, brownish yellow

Q1S Quenched griseofulvin 1, Q1 stored for 9 months under ambient conditions Matte, light brownish yellow

Q1Smilled Stored quenched griseofulvin (Q1S) after 1min milling Glassy, light brownish yellow

Q2 Quenched griseofulvin 2 (shorter heating time and slower solidification) Glassy, light brownish yellow
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Characterization of the

Solid-State Structure

X-ray Diffraction (XRD)

In order to study the solid-state structure of the
test materials, diffraction patterns of quenched (Q1,
Q1S, and Q2) and raw materials were obtained using
a Philips X’pert MPD diffractometer, with Cu K�
radiation at 40 kV and 50mA. The samples were
scanned in steps of 0.02� from 1–37� (2O) at a rate
of 1 second per step. Each pattern is based on a single
measurement.

Differential Scanning Calorimetry (DSC)

The thermal behavior of the samples was tested
in a differential scanning calorimeter (Mettler TC
3000, Hightstown, NJ, USA) using sealed aluminum
pans. About 4–5mg of each sample was scanned at a
temperature range of 25–250�C with a heating rate of
10�C/min. An empty sealed pan was used as the refer-
ence. Each value is the mean of two experiments. In
the case of Q1, the results are based on a single
experiment.

Glass transition temperature (Tg), recrystalliza-
tion temperatures (Tc), and melting temperatures
(Tm) were recorded. The enthalpies of crystallization
(�Hc) and fusion (�Hf) were calculated by integrat-
ing the corresponding peaks in each case. These
values were normalized for the eventual differences
in sample weight.

The degree of disorder was then calculated by
dividing the normalized �Hc value of the sample by
that of the 100% amorphous standard (i.e., Q1).[30]

As there were no recrystallization exotherms detect-
able by DSC for RM1, the degree of order
was estimated from �Hf values

[31,32] by dividing the
�Hf value of RM1 by that of the 100% crystalline
standard (raw material). Subtraction of this value
from 100 would then give the degree of disorder
(as %) in the material.

Isothermal Microcalorimetry (IMC)

These experiments were performed in a 2277
Thermal Activity Monitor (TAM) (Thermometric
AB, Järf_aalla, Sweden). A 30mg griseofulvin sample
was weighed accurately into a glass vial. The samples
were checked for the degree of disorder by exposing
them to HCl vapor in the microcalorimeter. A small

tube containing 1MHCl was placed into the vial and
the vial was sealed. As the materials tested in this
study were sparingly soluble in water and hydropho-
bic, HCl was used instead of the salt solutions used
by Angberg, Nyström, and Castensson[33] and etha-
nol, which was used by Ahmed, Buckton, and
Rawlins.[34] All measurements were performed at
25�C. An empty, freshly sealed vial was used as the
reference. The vial and the reference were equili-
brated in the TAM before starting the experiment.
The heat flow signal (dQ/dt in mw) was monitored
as a function of time.

Color Shift

As it is known that color shifts in a powder
may be related to polymorphic conversions and
differences in molecular conformation,[35] the appear-
ance and colors of griseofulvin samples were also
compared.

Determination of Saturation Concentration

The apparent solubility of the test materials was
studied in suspensions containing different dispersion
concentrations (20 to 22,300mg/L) of drug. The sus-
pensions were stirred on a magnetic stirring board for
24 hours at a constant rate, at room temperature
(22� 1�C). The supernatants were separated by
centrifugation at a speed of 10,000 rpm, at 23�C for
10min, using an Eppendorf 4403 (Bergman &
Beving, Upplands Väsby, Sweden) centrifuge. They
were then filtered through a 0.65 mm Millipore filter
prior to concentration determination. The concentra-
tions of griseofulvin were then assayed spectrophoto-
metrically (Hitachi U-1100, Tokyo, Japan) at a
wavelength of 295 nm. Each value is the mean of at
least two experiments.

Stability of Obtained Solutions

After determination of the solubility, the stability
of the solutions was tested. The supernatants
obtained from Q1S suspensions (dispersion concen-
tration in the range of 1200–4200mg/L) were stored
under ambient conditions for 50 days. These solu-
tions were not exposed to any stirring during this
period. At specific time intervals, the stored solutions
were filtered through a 0.65 mm Millipore filter and
the concentration of griseofulvin was determined
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spectrophotometrically as described above. Each
value is the mean of three readings.

RESULTS AND DISCUSSIONS

Particle Size and Shape

Typical SEM photomicrographs of quenched
griseofulvin particles Q1S, Q1Smilled, and Q2 are
shown in Figs. 2–3. The quenched samples Q1S and
Q2 consisted of large (about 0.5–2mm) lumps
(Figs. 2a and 3a). However, in general, Q2 particles
were smaller than Q1S particles and were less poly-
dispersed. The surfaces of both Q1S and Q2 samples
appeared to be covered with needle-like formations
(Figs. 2b and 3b), possibly formed by dendritic

growth and dendrite coarsening, which has
been reported to occur at high supersaturation con-
centrations.[36] This external thin layer of dendrites or
needlelike crystals did not cover the particle surface
completely. When the internal structure of Q1S was
scanned (Fig. 2c), however, there were no needlelike
structures. The solid in this case had no fixed shape.

The particles in the Q1Smilled sample were smaller
than in the other samples (Fig. 2d). The proportion of
needlelike crystals on the solid surface was also lower.
The geometric mean particle diameter by weight of
Q1Smilled was determined using a laser diffraction
technique as 4.8 mm. The griseofulvin crystals had a
geometric mean particle diameter by weight of
3.7 mm, as measured by the Coulter principle.[29]

Although there were no SEM photomicrographs

Figure 2. SEM photomicrographs of quenched griseofulvin Q1 after 9 months storage, i.e., Q1S: (a) Representative particles

of Q1S, (b) the external surface texture and needlelike formations on the surface, (c) the internal particle morphology obtained

by scanning the Q1S core in a particle slice, and (d) after size reduction and attrition (Q1Smilled).

(continued)
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available for the Q1 particles, macroscopic examina-
tion of these particles suggested a similar particle size
to Q1S particles.

Assessment of Degree of Disorder

It is usually difficult to determine the degree of
disorder quantitatively, especially only from the
results of one method. Therefore in the present
study the degree of disorder was estimated by com-
parison of results obtained from several methods.

The values for enthalpy of crystallization and
melting obtained from DSC, and the heat flow
values obtained from IMC, are listed in Table 2.
The degree of disorder of the test materials was cal-
culated using these values and is summarized in

Table 3. The raw material and Q1 were used as crys-
talline and totally amorphous standards, respectively;
this was supported by the data obtained by XRPD,
DSC, and IMC (Figs. 4–6 and Tables 2–4).

In order to determine whether the observed peak
in IMC reflects a chemical reaction with HCl vapor
or a recrystallization due to exposure to HCl vapor,
the quenched griseofulvin (Q1S) was tested in DSC,
before and after exposure to HCl vapor in the micro-
calorimeter. The results showed that when the sample
was removed from the microcalorimeter and scanned
by DSC, there was no evidence for any recrystalliza-
tion event, revealing that the solid-state structure of
the sample had changed due to exposure to HCl
vapor. Thus, as a general conclusion, the heat evolved
was interpreted as a phase-transition event. The heat
evolved or absorbed (Q in J) was calculated by inte-

Figure 2. Continued.
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Figure 3. SEM photomicrographs of quenched griseofulvin, Q2: (a) Representative particles of Q2, (b) the external surface

texture and needlelike formations on the surface.

Table 2. DSC and IMC data.

Glass transition

temperature

Tg (
�C)

Recrystallization

temperature

Tc (
�C)

Melting point

Tm (�C)

Heat of

crystallization

�Hc

Heat of fusion

�Hf

Heat of

relaxation

�Hr

Heat flow

Q

Material Onset Peak Onset Peak Peak (J/g) (J/g) (J/g) (J/g)

R — — — — 220 — 122.0 — 0

RM1 — — — — 221 — 119.0 — 2.87

RM2 — — — — — — — — 0.72

Q1 90 — 133 138 220 83.0 104.7 — —

Q1S 77 81 123 125 220 69.8 98.6 3.9 44.7

Q1Smilled 76 85 113 126 218 58.2 101.3 4.2 46.0

Q2 89 — 127 136 220 78.1 111.7 — 43.5
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grating the heat flow curve.[30] The degree of disorder
was calculated by comparing the area under the
exothermic peak to that of the amorphous standard
(the values were normalized for eventual weight

differences). Since Q1 converted to Q1S on storage,
there was no access to Q1 during IMC measurements.
However, since the degree of disorder in Q1S was
known and assessed to be 83% by DSC, this
sample was used as the reference in calculation of
degree of disorder in Q2, Q1Smilled, RM1, and
RM2. Each value is the mean of two experiments.
In the case of Q1Smilled, the result is based on a
single experiment.

The Effect of Milling on the Solid-State

Structure and Saturation Concentration of

Griseofulvin Crystals

After milling, the powder did not change its color
(Table 1), but a small degree of disorder was detected
by DSC and IMC (Table 3). The difference in the
estimated degree of disorder by these methods
might be explained by the lower sensitivity of DSC
in detecting small amounts of disorder compared
with IMC, since thermal analysis did not easily iden-
tify changes that take place at a particle surface for
only a few nanometers into the crystal.[37]

These results correlate fairly well with the solu-
bility data, and as shown in Fig. 7, the apparent
solubility was increased significantly after milling.

Figure 4. XRPD patterns of griseofulvin samples: (a) raw material, R, (b) quenched sample, Q1, (c) quenched sample, Q2,

and (d) Q1 after 9 months storage under ambient conditions, Q1S.

Table 3. Qualitative estimation of degree of disorder.

Degree of disorder (%)

Materials XRDP DSCa IMCc

R 0 0 0

RM1 — 2.5b 5.3

RM2 — — 1.3

Q1 100 100 —

Q1S 90–95 83 83d

Q1Smilled — 67 85

Q2 100 94 81

aThe degree of disorder was calculated from:

(�Hc(sample)/�Hc (QI))� 100.
bThe degree of disorder was calculated from:

100� [(�Hf (sample)/�Hf(Q))� 100].
cThe degree of disorder was obtained from:

(Q(sample)� 100)/Q(QII).
dThis value is based on the DSC measurements.

The enthalpy �H) and heat flow (Q) values used in these

calculations are taken from Table 1.
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The effect of milling was more pronounced within the
first minute. According to IMC (Table 3), the degree
of disorder was decreased from 5.3% to 1.3% after
3.4min milling (RM2), suggesting a deactivation
mechanism. This can be due to an increase in the
thermal energy of the sample under grinding, with
the result that the temperature at the particle surface
reaches Tg. Thus, disordered regions of griseofulvin
will undergo a phase transition from a glassy to a
rubbery state, and the degree of disorder may sub-
sequently be decreased through recrystallization.[22]

The Effect of Quenching on the

Solid-State Structure and Solubility

The quenched griseofulvin Q2 sample consisted
of glassy brownish yellow masses; Q1 was relatively
darker than Q2. The glassy appearance of these solids
could probably be related to their more disordered
structure.

Although the XRPD patterns and the DSC
profiles of Q1 and Q2 were almost identical (Figs. 4
and 5), the values of enthalpy of crystallization
revealed that Q2was less disordered thanQ1 (Table 3).
This was in good agreement with the solubility data.
The saturation concentration of Q1 (Figs. 7 and 8)
was 44 mg/mL, whereas the saturation concentration

of Q2 (Fig. 8) was only 19mg/mL. The higher solubi-
lity of Q1 compared to Q2 is probably explained by a
higher general degree of disorder (Table 3), and reac-
tivity, in Q1 than in Q2. This difference may have
been caused by differences in the quenching pro-
cedure (i.e., the shorter heating time and the longer
solidification time for Q2), which could have favored
the formation of a less disordered structure.

The collective results of XRPD, DSC, and solu-
bility data thus suggest that Q1 and Q2 could be
considered as two different glassy states of griseoful-
vin, with two different energy levels and reactivity
(saturation concentration). According to these
results, Q1 is totally disordered and thus this
sample is used as the totally amorphous standard
(Table 4).

The Effect of Storage on the Solid-State

Structure and Solubility Plateau of

Amorphous Griseofulvin

As a result of 9 months storage under ambient
conditions, the degree of disorder of quenched griseo-
fulvin Q1 dropped from 100% to 83% (DSC data,
Table 3) and its saturation concentration (Fig. 8)
dropped from 44 to 26 mg/mL. The sample became
matte in appearance and its color changed toward

Exothermic

Temperature (˚C)

Figure 5. DSC scans of griseofulvin samples: (a) quenched griseofulvin reference, Q1, (b) Q1 after 9 months storage under

ambient conditions, Q1S, (c) Q1S after size reduction, Q1Smilled, (d) quenched griseofulvin, Q2, and (e) raw material, R.
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Figure 6. Typical responses obtained for griseofulvin samples exposed to HCl vapor at 25�C, using the isothermal

microcalorimeter. Fig. 6a: (a) Q2, (b) Q1Smilled, (c) Q1S, and (d) R. Fig. 6b: (a) RM1, milled for 1.3min, (b) RM2, milled

for 3.4min, and (c) R. The area under the curves, i.e., (Q) is listed in Table 2.

Table 4. Summary of solid state structure of test materials.

Material Model Solid-state structure

R One-state Totally ordered

RM1 Two-state Ordered core, partially disordered surface

RM2 Two-state Ordered core, partially disordered surface

Q1 One-state Totally disordered-Higher energy level

Q2 One-state Totally disordered/semiordered-Lower energy level

Q1S Two-state Disordered core, semiordered surface

Q1Smilled Two-state A mixture of particles with disordered and semi-

ordered surfaces, but in general the number of

disordered surfaces is increased.
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a light yellow (Table 1). This change in color may
have been caused by absorption of moisture[12] by
amorphous griseofulvin during storage, resulting
in partial surface crystallization. Since the environ-
mental moisture was initially only in contact with

the surface of the powder, the color shift was only a
surface phenomenon, especially since Q1 consisted of
large lumps. The internal core of the particles was still
glassy brownish and totally disordered. This was also
in good agreement with the SEM pictures (Fig. 2).
Thus, it seems that the molecules on the surfaces of
the particles are less disordered than those inside, as
the recrystallization reaction starts at the surface and
moves inward.

Comparison of the results obtained from
DSC, XRPD, SEM, and color shift before and
after storage of Q1 leads to the conclusion that the
material converted to a less disordered state upon
storage.

New glassy surfaces were seen when the lumps of
Q1S were milled into smaller pieces (Q1Smilled) after
storage. These results are also in agreement with the
SEM results (Figs. 2–3). As shown in Fig. 8, the ori-
ginal solubility value of Q1 (44 mg/mL) was regained
for Q1Smilled. Thus, milling caused the reactivity of
Q1S to be enhanced further. The effect of milling here
is probably more that the coarse amorphous particles
(which after storage at ambient conditions were more
ordered on the surface) were broken into smaller
units, exposing the intact disordered domains in the
particle core. This was assumed to be due to the crea-
tion of a large number of small particles with totally
disordered surfaces.

This result is of particular importance for stabil-
ity problems and dissolution problems associated
with the reaction between amorphous solids and
moisture. This means that if such a reaction is in its
initial stage (i.e., limited to a thin surface layer), a
gentle attrition process can change the exposed
surface to obtain dissolution behavior similar to
that of the original solid (i.e., Q1 in this case).

The Apparent Solubility in Systems

Containing Physical Mixtures of

Crystalline and Amorphous Griseofulvin

In order to study the effect of the presence of
different amounts of crystalline particles on the dis-
solution kinetics and thus on the apparent solubility
of Q1S, changes in the concentration of this sample
were also studied in the presence of griseofulvin crys-
tals after the same stirring times. Thus, a two-state
system was established by mixing known ratios of
crystalline griseofulvin and Q1S. The monitored
apparent solubility values in suspensions containing
these mixtures are compared with the apparent solu-
bility values for Q1S and Q1 at the corresponding
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dispersion concentrations, in the absence of crystal-
line particles in Fig. 9.

According to previous results, there is no differ-
ence in the solubility of crystalline grisoefulvin after 5
and 24 h stirring.[38] The results of the present study
(Fig. 9) also indicate that the solubility values of both
crystalline griseofulvin (0% disorder) and Q1S (83%
disorder) were constant after 3 and 24 h stirring,
when measured separately and independently. Thus,
in both cases the saturation level is reached within
3 hours. After 3 h stirring, the apparent solubility
values in all suspensions containing mixtures of
Q1S and griseofulvin crystals were very close to the
apparent solubility value of Q1S (Fig. 9).

However, after 24 h stirring in the suspension
containing 43% disorder, the solubility increased
significantly, approaching that of Q1. It would
appear that because of the relatively low proportion
of Q1S particles, the entire semiordered surface
of Q1S particles was gradually dissolved until,
after 24 h dissolution and stirring, only the totally

disordered particle core remained. As explained
above, the internal core of Q1S is in fact similar to
the whole Q1 structure. Thus, a new equilibrium was
established between the totally disordered phase and
the surrounding liquid, resulting in an increase in the
apparent solubility, until the solution was saturated
with respect to Q1.

The same explanation can be applied to the dis-
solution behavior in the suspension that contained
5% disorder, because the same behavior was
observed in that suspension (i.e., after 24 h stirring,
the apparent solubility was close to that of Q1, at the
corresponding dispersion concentration).

In the suspension containing 79% disorder, no
such increase in apparent solubility was found. The
amount of Q1S was so high that it could be expected
to stay relatively intact for a considerable period of
time without a complete dissolution of the peripheral
semiordered layer.

In earlier studies (Mosharraf, Sebhatu, and
Nyström, 1999; Mosharraf and Nyström, 1999), it
was suggested that if the solid surface is partly crys-
talline and partly amorphous the solution will be in
equilibrium with both phases and the net apparent
solubility will fall between those of the two standards.
Consequently, it was suggested that if the external
disordered surface layer was discontinuous, the
apparent solubility would not approach the satura-
tion level of the totally amorphous structure.
However, the results of the present study suggest
that, as long as the amount of disordered surfaces
in the system is high enough, the apparent solubility
will be determined by these more disordered phases.
Thus, in a system based on a two-state model, only
the disordered parts determine the solubility, unless
the amount of disorder is so small that equilibrium
with the whole solution is not possible, for instance if
only one in 10,000 parts is amorphous (see case B in
Fig. 1). In this case the crystalline phase determines
the solubility. It can thus be concluded that, in all
cases studied, where a two-state system was suggested
(Table 4), the apparent solubility of the exposed dis-
ordered phase determined the apparent solubility of
the mixture.

The Relationship Between Apparent

Solubility and Dispersion Concentration

The monitored solubility values of the test mate-
rials are plotted vs. the dispersion concentrations in
Figs. 7 and 8. It appears that the solubility of crystal-
line griseofulvin is stable around 8mg/L within a

Figure 9. The apparent solubility of griseofulvin as a func-

tion of degree of disorder in the mixture, using a two-state

model (i.e., physical mixtures of amorphous and crystalline

griseofulvin) after 3 h (dotted) and 24 h (black) stirring

under ambient conditions (bars¼ standard deviations);

Q1S in the absence of crystals: grey; Q1 in the absence of

crystals: white (24 h stirring).
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wide dispersion concentration range and in general is
independent of dispersion concentration. However, at
a very high dispersion concentration of 22,000mg/L
(Fig. 7), such a dependency exists and apparent
solubility increases to 15mg/L.

The solubility values of the RM1 and RM2 are
significantly dependent on dispersion concentration
until at higher dispersion concentrations the satura-
tion concentration of the totally disordered standard
(44mg/L) is reached (Fig. 7). The reason behind this
observation is explained by Elamin et al.[20] and
Mosharraf, Sebhatu, and Nyström[21] in more detail
and seems to be related to the existence of higher
absolute amount of disordered surfaces at higher dis-
persion concentrations. (As larger amounts of mate-
rial are added to the solvent, the solubility of the drug
will increase progressively, and since more disordered
material will be available, there is enough disordered
structure to establish an equilibrium solubility
representative for disordered material.) The same
explanation may be used to explain the increase in
the solubility of the totally ordered griseofulvin.
This increase may be due to minor amounts of impu-
rities or defects[39] in the solid-state structure of the
griseofulvin crystals, which seem to become signifi-
cant only at such high dispersion concentrations.

The solubility of totally disordered/semiordered
griseofulvin (i.e., Q1, Q1S, and Q2) initially depends
on dispersion concentration; but at specific critical
dispersion concentrations, solubility remains stable
and is independent of dispersion concentration.
These critical dispersion concentrations are reached
at 2000mg/L for Q1 and at approximately 1000mg/L
for Q1S and Q2. The reason for this observation is
not clear.

It should be mentioned that the reason the
saturation concentration of Q1S and Q2 was studied
solely up to a dispersion concentration of 4000mg/L,
was that the plateau of Q1 was reached at a disper-
sion concentration of 2000mg/L, and it did not seem
necessary to test the solubility of Q1S or Q2 at a very
high dispersion concentration of 20,000mg/L.

The Saturation Concentration Zones and

Solubility Values

Comparison of the solubility plateaus shown
in Figs. 7 and 8 reveals that generally there are
three different solubility zones for the different
solid states of griseofulvin. Firstly, the lowest
solubility level is that of the crystalline form with
a value around 8mg/L. This solubility level is

thermodynamically the most favored. Secondly, the
highest solubility plateau occurs at the saturation
concentration of the totally disordered form (Q1),
at 44mg/L. (Note that the apparent solubility
values of RM1, RM2, and Q1Smilled also reached
the same plateau level at high dispersion concentra-
tions.) Finally, there is an intermediate solubility pla-
teau, which falls between the other two. The level of
this plateau seems to be very close or equal to that of
Q2. However, the whole zone which is trapped
between these two extremes (i.e., profiles for the
totally ordered and totally disordered standards)
belongs to partially crystalline solids. If the plateau
of the profile falls within this zone, the material is
semiordered at the surface, a glass of lower energy,
or a combination of the two. The saturation concen-
trations of Q1S and Q2 (i.e., 26mg/L and 19mg/L,
respectively) appear to fall within this zone. Thus, in
spite of the high degree of disorder in Q1S and Q2
(Table 3), in these cases the solubility plateaus differ
significantly from that of the totally disordered
sample.

The Relationship Between Degree of

Disorder and Minimum Dispersion

Concentration to Reach Saturation

As shown in Figs. 7 and 8, the saturation concen-
tration of totally amorphous griseofulvin (Q1) in RM1
and RM2 suspensions is reached at dispersion concen-
trations of approximately 15,000 and 20,000mg/L,
respectively. The same saturation concentration was
reached in the Q1 suspension at a dispersion concen-
tration of 2000mg/L. It is then concluded that the
energy level of the disordered state in these samples
(i.e., RM1, RM2, and Q1) is the same (i.e., they all
contain the same kind of high-energy amorphous
phase). The difference is instead related to how much
of this amorphous phase exists in each material.

As shown in Fig. 10, the limited number of data
points indicates a possible linear relationship between
the degree of disorder obtained by IMC (for RM1,
RM2, Q1, and Q1Smilled) and the minimum disper-
sion concentration required in the corresponding
suspension in order to reach the saturation con-
centration plateau of the totally disordered structure
(Q1). The greater the degree of disorder, the lower is
the amount required. This is also in good agreement
with earlier data.[21]

This indicates that solubility measurements
of this kind are very sensitive to small variations in
surface disorder. Thus, the proposed solubility model
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can be used as a tool for verifying the existence of
solid-state disorder in the test materials. However, in
cases where the amount of disorder is very small (e.g.,
RM2), very large quantities of material are required
to reach the saturation level of the totally disordered
standard.

The Solubility Model

The results presented in this article confirm ear-
lier findings that different apparent solubility plateaus
for a substance can exist. They also confirm the
suggestion that the plateaus differ according to the
degree of disorder at the surface of the particle in
equilibrium with the solvent.

Thus, different situations may occur. These
situations are illustrated in a schematic model in
Fig. 11.1) The surface is completely and homoge-
neously ordered, which could be the case for a totally
ordered structure (case A) or an almost totally
ordered structure (case B); 2) The surface is comple-
tely and homogeneously disordered, which could be
the case for a totally disordered structure (case H), an
almost totally disordered structure (case G), or for a
structure where the internal core is ordered (case D);
3) The surface is homogeneously in a less ordered
state, but is not completely disordered, i.e., the sur-
face is semiordered, which could be the case for a
totally semiordered structure (case E), a structure

with a semiordered surface but with a totally dis-
ordered core (case I), or a totally crystalline core
(case C); 4) The surface is a heterogeneous mixture
of more ordered and less ordered phases (two state
system on the surface) (case K in Fig. 11). It should
be noted that in such cases the energy levels of the
disordered parts might also vary.

Thus, when the solid has a semiordered charac-
ter, the saturation concentration never reaches the
solubility plateau of the amorphous material, but
stops at an intermediate level.

If the surface is a heterogeneous mixture of more
ordered and less ordered phases, which are distin-
guishable, the solubility of the disordered phases
determines the solubility of the system. If these dis-
ordered parts have high intrinsic energy (are comple-
tely disordered), the plateau value of the totally
disordered standard will be reached at high disper-
sion concentrations, even if the surface contains crys-
talline phases (Fig. 11, case K). If these disordered
parts are in a lower energy state than the totally
disordered phases, the plateau will be intermediate
and determined by the energy state and reactivity
of these sites, but it will show a concentration-
dependent profile before the plateau is reached.

On the other hand, if the sample is a glass poly-
amorph with a lower energy state or is totally semi-
ordered (Q2), the plateau also falls in the
intermediate zone but is relatively independent of
the dispersion concentration (Fig. 11, case E).
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The Stability of Metastable Solutions

of Griseofulvin in the Absence of

Solid Phase

It is known that in a suspension there is a meta-
stable equilibrium between the disordered surface and
the solution. As long as this equilibrium exists, the
saturation concentration will remain at the same
level. However, as soon as the solid particles are
removed from the solution by centrifugation or filtra-
tion, the basis for the equilibrium is removed. It
would be expected that under such circumstances,
the concentration of solute in the solution would
fall rapidly. However, as shown in Fig. 12, the
metastable solutions of griseofulvin were stable over
a 50-day period in the absence of the solid phase.
Similar observations were reported by Phillips and
Byron,[19] who showed that despite apparent
supersaturation, there was no evidence for any crystal
growth in supersaturated solutions of methylpredni-
solone over a 120-day period.

These behaviors may be explained through con-
sideration of the crystal growth and phase separation
mechanisms. It is known that nucleation and growth,
cluster formation, concentration fluctuation, and
reduction in diffusivity are phenomena that occur in
supersaturated solutions.[40] It has also been pointed
out that if at least one group in the molecule is able to

act as both a proton donor and a proton acceptor
(for example, OH� or an amino-group), intermole-
cular H-bonds are formed and molecular aggregation
may occur. It is believed that self-association of
organic solutes such as phenols affects their solubility
behavior in all solvents.[41] It seems, thus, probable
that when the solid phase is removed from the solu-
tion, the hydrophobic solute molecules will self-
associate to reduce the free energy of the system.
Hydrophobic bonding between monomers, which
leads to formation of more complex aggregates,
seems to be a key factor.

In the absence of crystals and foreign parti-
cles, nucleation is controlled by homogeneous nucle-
ation.[36] In the case of griseofulvin, there was no
crystal growth occurring in the system during
the test period (Fig. 12), indicating that the super-
saturated solutions of griseofulvin tested (with
CQ1S/Ccrystal values of 2–3) are metastable. Thus,
it is possible that precipitation and phase separation
are inhibited as a result of molecular aggregation, self
association, and cluster formation. Consequently,
these molecular aggregates cause the super-
saturated solution to approach a metastable
equilibrium.

At concentrations higher than those in the
metastable region, a supersaturated solution is
unstable, and phase separation occurs.[42]
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Figure 11. Solubility profiles of a drug with a disordered, semiordered, or ordered solid-state structure, as a function of

dispersion concentration of solid drug. A and H are totally ordered and totally disordered standards. B is a crystal with minor

amounts of defects or impurities. G is a disordered structure with minor crystalline components. E is a totally semiordered

solid (one-component state). C is a solid with semiordered surface but a crystalline core. D is a solid with a totally disordered

surface and an ordered (crystalline) core. K is a solid in which the totally ordered and totally disordered parts coexist (a two-

component state, i.e., the structure is not semiordered). This form is not included in Fig. 1. In this figure, only those cases that

have been studied in this article are considered (i.e., cases F, I, and J, illustrated in Fig. 1, are not considered here). Cs is the

saturation concentration of drug.
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CONCLUSIONS

It was confirmed in this article that in partially
crystalline systems, the saturation concentration is an
interfacial phenomenon, which depends on the
amount, reactivity, and solid-state structure of the
exposed solid surfaces in equilibrium with solution.

The solubility model described by Mosharraf,
Sebhatu, and Nyström[21] was refined to consider
the solubility behavior of drugs in both one-state
and two-state systems.

From the results of the present study and earlier
studies (21 and 22), it is suggested that in a plot of
apparent solubility vs. dispersion concentrations,
there are at least three main plateaus for several
drugs in which the solid-state structure is energetically
homogeneous and based on the one-state model:
1) The saturation level of a totally crystalline solid,
which has the lowest solubility level and falls in a
thermodynamically stable zone; 2) The saturation
level of a totally amorphous solid, which has the high-
est solubility level; 3) The saturation level of a totally
semiordered solid, which falls between the other two.

In all three cases, the solubility of the solid seems
to be relatively independent of the amount of drug
added, provided the concentration exceeds specific
threshold values (i.e., 1000mg/L for Q2 and
2000mg/L for Q1).

Any deviation from these plateaus is indicative
of the existence of heterogeneity of energy levels in

the solids, i.e., a two-state system. In such cases,
the apparent solubility will be strongly related to the
dispersion concentration, until at high additions the
saturation concentration of the disordered
or semiordered phase is reached.

In a two-state system, the solubility of the disor-
dered/semiordered phase determines the solubility
of the system, as long as the amount of disordered/
semiordered solid phases in the dispersion is in excess.

The proposed solubility model can be used as
a tool for the qualitative verification of the existence
of solid-state disorder on the surface of particles of
test materials. The sensitivity of this method seems to
be extremely high and comparable with methods such
as isothermal microcalorimetry.

The obtained supersaturated solutions with a
concentration around 20–26mg/L are metastable over
a 50-day period. It is suggested that the stability of
these solutions is related to molecular self-association
after solid-phase separation. Slower diffusivity in
metastable solutions inhibits the crystal growth
mechanism.[40]

Additionally, a method for the determination of
the solid-state structure of hydrophobic sparingly
water-soluble drugs was developed using HCl vapor
as the reacting phase in isothermal microcalorimetry.
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